A threedimensional flow solver has been developed for turbomachinery components utilizing real fluid properties. The code is applicable to both incompressible and compressible flow fields. In this study, the code has been applied to the analysis of inducer and impeller geometries representative of those used in rocket engine applications. The predicted results show good agreement with the available experimental data. 
INTRODUCTION
Turbomachines for propulsion applications operate on many different fluids and under a wide range of flow conditions. The working fluid may be air, liquid or gaseous hydrogen, liquid or gaseous oxygen, kerosene, etc. The flow may be incompressible, such as in the fuel pump in a liquid-fueled rocket engine, or supersonic, such as in the turbine that may drive the fuel pump.
Both compressible and incompressible flows are governed by the Navier-Stokes equations. However, in a nearly-incompressible flow there is a great disparity in wave speeds, since the speed of sound approaches infinity for a m l y incompressible fluid. A compressible flow solver will encounter numerical stiffness if applied to a nearly-incompressible flow, and the algorithm will fail. Because of this, it is common practice to use one algorithm for incompressible flows and a different algorithm for compressible flows.
The General Equation Set (GES) method [ 11 has been developed to handle both compressible and incompressible flows. It can be used to solve the full, unsteady, threedimensional Navier-Stokes equations, and with the introduction of a single input flag can reduce to the pseudocompressibility method commonly used to solve incompressible flows. When used in conjunction with a dual time step, it provides time accurafe simulations. In addition, when the Navier-Stokes equations are cast in their general form, without applying the perfect gas relation, they can be solved for any working fluid for which properties are available. The GES technique in conjunction with the equations cast in this general form results in a general flow solver applicable to most conditions encountered in turbomachinery applications. A code has been written to solve three-dimensional, unsteady turbomachinery flows using the GES method.
Turbopump for upcoming space applications will need to operate over a wider range of flow conditions than current designs. Improving these designs requires detailed knowledge of the timeoperating range of interest. Previous works on this subject include Refs. 2-7. These references include works describing the application of R U I T E~~C~~ codes to both the analysis and design of rocket engine mbopump components. In this study, numerical simulations have been performed for a high-head impeller with a vane island diffuser operating in water, and an inducer operating in water, liquid hydrogen and air. The simulations were performed over a range of flow conditions. The predicted results have been compared with test data where available. Tables [12] , and is computationally more efficient. The code currently contains fluid property routines (both gaseous and liquid) for water, hydrogen, oxygen, nitrogen, RP-I , methane and carbon monoxide.
Computational Grids
The 0-grids are body-fitted to the surfaces of the airfoils and generated using an elliptic equation solution procedure. They are used to properly resolve the viscous flow in the blade passages and to easily apply the algebraic turbulence model. The algebraically generate; H-grids are used to dixretize the remainder of the flow field.
Bwndarv conditions
Fiji incompressible inki fiow the mass flow, total temperature, and the circumferential and radial flow angles are specified as a function of the radius. The static pressure is extrapolated from the interior of the computational domain.
For incompressible outflow two velocity components, static pressure, and the static temperature are extrapolated from the interior of the computational domain. The exit mass flow is specified.
Periodicity is enforced along the outer boundaries of the H-grids in the circumferential direction.
At solid surfaces the relative velocity is set to zero, the normal derivative of the pressure is set to zero, and the surfaces are assumed to be adiabatic.
A detailed description of the code/algorithm development, as well as its application to several turbine and pump test cases, is presented in Refs. 13 and 14.
NUMERICAL TEST CASES
Numerical simulations have been performed for two pump geometries:
1) A high-head impeller design which contains six main blades and six splitter blades. The impeller is followed by a vane-island diffuser containing 13 airfoils. The impeller rotates at 6322
RPM and was tested in water (H20).
2) A low pressure fuel pump inducer containing four inducer blades. At design conditions the inducer rotates at approximately 16OOO RPM. Simulations were performed using H20, liquid hydrogen ( L E ) and air to determine any differences in the predicted flow fields
High-Head Immller and Diffuser
The computational grid was generated using the actual airfoil counts of 6 main impeller blades, 6 splitter blades and 13 diffuser airfoils. The grid requires L! solution of the full 36O-degree annulus, and the computational grid was constructed using 4.8 million grid points. The full-annulus grid for the high-head impeller geometry is shown in Fig. 1 .
The fluid pqexties for H20 were obtained from the NlST data. The simulations were performed using preconditioning with two dual time steps for time accuracy. Simulations were performed for flow rates of 50%. a, 70%. 88%, 100%
and 12WQd.
Instantaneous
and time-averaged nondimensional static pressure contours at midheight of the channel are shown for 100% Qd in Figs. 2 and 3. In Fig. 3 the static pressure was time-averaged over a complete impeller revolution. There are significant differences between the instantaneous and time-averaged solutions shown in the two figures. These differences are a direct result of the presence of the diffuser airfoils and its interaction with the passing impeller blades. The instantaneous contours in Fig. 2 show a significant amount of unsteadiness that extends from upstream of the impeller to downstream of the diffuser vanes. The presence of circumferential variations within the diffuser in Fig. 3 suggests the presence of unsteadiness at a frequency less than one per revolution, such as that associated with separated and/or vortical flows. Both the data and the predictions show the impeller static head coefficient remains relatively constant over the range of flow coefficients investigated in this study (see Fig. 7 ). The predicted head coefficients for the diffuser show the rapid decrease in head coefficient as the flow coefficient is reduced and the diffuser stalls. The predicted diffuser stall occurs at a higher flow coefficient than in the experiment, but additional simulations are needed between flow coefficients of 0.10 and 0.13 to resolve the shape of the stall region shown in Fig. 8 . Both sets of data show a decrease in the head coefficient at flow coefficients greater than the design value of 0.144. Overall, there is good agreement between the predicted results and the experimental data.
Low Pressure Fuel Pumv Inducer
The computational grid was generated including all four inducer blades and contains 2.8 million grid points. The surface grid for the inducer geometry is shown in Fig. 9 . Unless otherwise specified, all the results presented below are for the inducer operating in LH2 at a flow coefficient of w . 7 0 (approximately 65% rated power level).
The fluid properties for LH2 and H 2 0 were obtained the NIST data, while the air was assumed to be an ideal gas.
Time-averaged non-dimensional static pressure contours in the inducer are presented in Fig. 10 . The low pressure region near the leading edge tip is characteristic of most inducers, and is coincident with the location where cavitation is frequently observed in experiments. The contours also suggest a nearly linear pressure rise through the inducer. Figure 11 shows instantaneous nondimensional pressure contours on a cross-section of the inducer. This figure further elucidates the pressure increase through the inducer, and shows the effects of the inducer on the upstream pressure field.
Time-averaged blade surface pressure distributions at lo%, 50% and 90% of the blade height are presented in Fig. 12 . The overall blade loading is observed to increase with increasing span. The leading edge portion of the inducer is unloaded in the hub region, and is heavily loaded in the tip region. Tne heavy loading near the leading edge tip coincides with the low pressure region shown in Fig. 10 . Figure 13 shows unsteady pressure traces a t several locations along the duct outer wall upstream of the inducer. The inducer tip leading edge is located at x a . 0 inches, so the locations shown in Erg. 12 correspond to 1.0, 2.0, 3.0 and 4.0 inches upstream of the inducer. Note, the inducer tip radius is approximately 6 inches. The amplitude of the unsteadiness 1 inch upstream of the inducer is large, on the order of the free stream pressure. This unsteadiness is due in part to the large pressure difference across the leading edge tip region (tip clearance was not modeled in this study), which generates backflow from the inducer. The potential field of the inducer also conmbutes to the unsteadiness upstream. The unsteadiness decays exponentially upstream of the inducer, such that 4 inches upsaeam of the inducer leading edge little unsteadiness is observed. Figure 14 contains the Fourier decompositions of the maces shown in Fig. 13 
